Model order reduction theory is applied to the optimized finite element model of pipeline dynamics. Depending on the number of elements to be used for the model, the order of the model can be very high. A technique to reduce the order of the finite element model is investigated while the reduced-order model still holds similar accuracy. Balanced realization of the optimized finite element model and state elimination based on Hankel singular value are applied as the order reduction technique. As the result of the order reduction, the number of order has been much decreased. The reduced-order model produces such simulation results that show a good agreement with experiments. With the reduced-order finite element model, the real-time simulation is able to be carried out.
NOMENCLATURE
: cross sectional area of pipe 
INTRODUCTION
Time-domain simulation of hydraulic systems requires a variety of modeling techniques. Especially, in terms of modeling pipeline dynamics, a lumped parameter model or a distributed model should be selected according to dimension of pipe, the purpose of the simulation, and other factors [1] . As a simulation technique, the method of characteristics is one of the most common techniques to compute fluid transients in a pipe, which has been widely used for fixed time-step simulation. For more sophisticated simulation, adaptive time step is used. For the purpose, the author proposed the finite element model of pipeline dynamics (OFEM) [2] . Treatment of friction for the OFEM has been investigated for expanding the usage of the OFEM [3] [4] . The OFEM was applied to in situ measurement in an oil hydraulic pipeline [5] . Kalman filter based on the OFEM was proposed to measure unsteady flow rate in a pipe [6] . The OFEM was applied to the prediction of fuel injection of common rail system [7] . The OFEM has a merit that the model is able to be represented as a state equation which is common in the field of modern control theory. And it is easy to use the OFEM in commercial software, for example MATLAB/Simulink etc. The order of the OFEM depends on how many grid points are used and which type of friction (steady laminar, unsteady laminar, or turbulent) is used. If the model order is high, it requires high computing resource and it is not easy to use the model for real-time simulation. In this paper, the order reduction of the OFEM is investigated. The order reduction theory is applied and real-time simulation of the reduced-order OFEM is performed. In Section 2, the OFEM is introduced briefly. The order-reduction theory used in this paper is described in Section 3. Section 4 explains experiments using a test pipeline. Simulation using the reduced-order OFEM is compared with the experiments in Section 5. Real-time simulation is performed in Section 6. Finally, results are summarized in Section 7.
OPTIMIZED FINITE ELEMENT MODEL
For incompressible one-dimensional flow in a circular pipe (Figure 1 ), the equation of motion and the equation of continuity are
(2) Using the interlacing grid system ( Figure 2 ), these equations are approximated by the optimized finite element model [2] .
Components of the vector p and q are flow rate and pressure variable at each grid point, respectively.
The term p and f p represent pressure at both ends of the pipe and pressure loss at each grid point.
The optimized finite element model can be written as a state space equation.
MODEL ORDER REDUCTION
Among various theories for model order reduction, this paper uses a technique to compute balanced realization and to eliminate the states having relatively small Hankel singular value.
Balanced realization
Consider a linear time-invariant system.
The system has controllability gramian o W and observability gramian c W . Applying a state coordinate transformation Tx x  , the above system is transferred as follows.
The gramians are related to the original ones by the formation as follows.
The balanced realization is the state-space transformation such that these gramians satisfy
The diagonal components 1
,… n x have minor influence on the input-output relation and are able to be eliminated. In this study, MATLAB commands balreal and modred are used for the balanced realization and the state elimination, respectively [9] [10] .
State elimination
Consider a linear time-invariant system to which the balanced realization has been applied.
The state vector x is able to be decomposed into state vectors 1 x and 2 x : 
The Hankel singular value of the state 2
x is small and . (29) Equation (29) is the reduced-order system in which the state vector 2 x having small Hankel singular value is eliminated from the original system of Eq.(25) and Eq.(26).
EXPERIMENT
Experiment was conducted to obtain transient pressure signals for validating simulation by the reduced-order OFEM. An experimental pipeline study is shown in Figure 3 . The pipe has length of 36m and diameter of 10 mm. Working fluid is tap water. The upstream tank is pressurized by compressed air (pressure: 0 p ). The stop valve at the end of the pipeline is normally closed during experiment. At the initial state, the quick opening valve is closed and by opening the stop valve at the end of the pipe, the pressure in the pipe becomes the same as the reservoir tank pressure (almost atmospheric pressure). Striking the top of a spool of the quick operating valve by a plastic hammer, transient phenomena are initiated. Pressure wave generated from the upstream high-pressure tank travels along the pipe. The upstream pressure U p , the midstream pressure M p , and the downstream pressure D p are measured by pressure transducers. The pressure signals are recorded by a personal computer. An example of transient pressure caused by quick valve opening is shown in Figure 4 . The upstream pressure U p quickly increased. The upstream tank pressure 0 p was set as 0.2MPa. The pressure wave traveled along the pipe to the downstream and reflected at the end of the pipeline. The midpoint pressure M p and the downstream pressure D p show oscillatory fluctuation due to wave propagation [8] . 
SIMULATON USING REDUCED-ORDER MODEL
Considering the optimized finite element model of the pipeline of the experiment shown in Figure 3 , the input variable u is a row vector of the upstream pressure A Simulink model to compute transient pressure at the downstream end D p is shown in Figure 5 . The state space block OFEM represents the reduced-order OFEM. The input signal of upstream pressure U p is set as the experimental data shown in the top plot of Figure 4 . The downstream flow rate D q is multiplied by the high gain (1e12) and the output of the gain block is fed back as the downstream pressure D p which is an input signal of the reduced-order OFEM. A first-order lag element was used to solve an algebraic-loop problem. . The states having smaller Hankel singular value than the threshold were eliminated by a MATLAB command modred. The Hankel singular value of the reduced-order OFEM is plotted in Figure 7 . The order of the reduced-order OFEM was 24 which is much smaller than the order of 109. The downstream pressure signals D p computed using the reduced-order OFEM is shown in Figure 8 , which shows a good agreement with the experimental results. 
REAL-TIME SIMULATION
The reduced-order OFEM requires less computer resource and computing speed could be accelerated. In this study, a real-time simulation of the reduced-order OFEM was tried. A commercial real-time simulation tool (dSPACE, ds1006) was used. The tool is provided with parallel CPU boards which work with exchanging input and output signals between the master and the slave CPUs as shown in Figure 9 . The reduced-order OFEM was installed in the slave CPU shown in Figure 10 , and the master CPU generated a sinusoidal wave which was transferred to the slave CPU as the upstream pressure signal U p for the reduced-order OFEM. The real-time simulation of the system was successfully performed. Sampling periods for the master and the slave were 1ms and 100 μs , respectively. The turn-around times of the master and the slave were 9 μs and 18 μs , respectively, which are enough short to perform the real-time simulation. Figure 10 The reduced-order OFEM of the slave CPU
CONCLUSIONS
Model order reduction of the optimized finite element model of pipeline dynamics was proposed. At first, the balanced realization was applied to the OFEM, and the states of the OFEM having relatively small Hankel singular value were eliminated. For an example, the number of the order of the OFEM was reduced from 109 to 24 as results of the order reduction. Comparison with experimental data, the reduced-order OFEM produced enough accurate simulation results of the downstream pressure. Finally, real-time simulation of the reduced-order OFEM was successfully performed.
